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(57) ABSTRACT

Provided are methods and apparatus for characterizing a
power wavelorm. Some such methods include sampling the
power wavelorm to generate a plurality of samples and, for
cach of the samples, recursively processing the sample to
generate an aggregate signal energy value, processing the
sample to generate a harmonic component signal energy
value associated with at least one target harmonic frequency,
and accumulating the aggregate signal energy value and the
component signal energy value with previously generated
aggregate signal energy values and component signal energy
values to generate an accumulated aggregate signal energy
value and an accumulated harmonic component signal energy
value. Methods also 1nclude characterizing the power wave-
form responsive to the accumulated aggregate signal energy

: value and the accumulated harmonic component signal
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POWER WAVEFORM HARMONIC ANALYSIS
USING SUMMED SAMPLES

BACKGROUND OF THE INVENTION

The present invention relates to electronic devices, and
more particularly, to determining power quality characteris-
tics 1n a power system.

Harmonic currents at frequencies other than the fundamen-
tal frequency of a power waveform can result in suboptimal
performance of power system components. For example, a
third harmonic current having significant energy can result in
excess heating of transformers. By determining the harmonic
content of a power wavelform, undesirable harmonics can be
filtered out and/or otherwise accommodated for in a power
system.

In some 1nstances, the total harmonic content can be deter-
mined as the total harmonic distortion (THD) of a wavetorm.
The THD can be computed using a Discrete Fourier Trans-
form (DFT) or a Fast Fourier Transtorm (FFT). When com-
puting a THD of a wavelorm, the waveform may be sampled
periodically N times. When computing a DFT, 2N~ calcula-
tions may be required. Similarly, the FF'T may require 2N log
N calculations. Storing the results of such calculations may
require substantial storage resources, such as for example,
large blocks of memory.

Typically, the output of a DFT consists of bins that include
magnitude and phase data for different frequencies. In order
to compute THD from, for example, a DFT, an additional
complex calculation on the array of the frequency domain
data 1s typically performed. Selection of optimal sampling
parameters 1 bandwidth processing gain and spectral leak-
age 1n consecutive bins can be computed using Nyquist cri-
teria. For example, 1n the case of a sixty Hertz wavelorm, as
frequently utilized in power applications, a desirable number
of computed samples may be 2048. Thus, the number of
calculations for computing a power wavelorm property may
require significant memory and processing resources. A more
elficient techmque for performing harmonic analysis of a
power wavelorm 1s desired.

SUMMARY OF THE INVENTION

Some embodiments of the invention include methods and
apparatus for characterizing a power waveform. In some
embodiments, methods include sampling the power wave-
form to generate a plurality of samples and, for each sample,
recursively processing the sample to generate an aggregate
signal energy value, processing the sample to generate a
harmonic component signal energy value associated with at
least one target harmonic frequency, and accumulating the
aggregate signal energy value and the harmonic component
signal energy value with previously generated aggregate sig-
nal energy values and harmonic component signal energy
values to generate an accumulated aggregate signal energy
value and an accumulated harmonic component signal energy
value. Such methods may also include characterizing the
power wavelorm responsive to the accumulated aggregate
signal energy value and the accumulated harmonic compo-
nent signal energy value.

In some embodiments, processing the samples to generate
harmonic component signal energy values associated with the
at least one target harmonic component may include performs-
ing bin-limited Discrete Fourier Transform (DFT) computa-
tions for the plurality of samples.

Some embodiments may include estimating a cycle timing
of the power wavelorm, wherein sampling the power wave-
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form to generate a plurality of samples may include adjusting
a sample period for the sampling of the power responsive to
the estimated timing.

In some embodiments, estimating a cycle timing of the
power wavelorm includes estimating a period of a first har-
monic of the power wavetorm and adjusting a sample period
for the sampling of the power responsive to the estimated
timing includes adjusting the sample period to maintain a

fixed number of sample periods within the estimated period of
the first harmonaic.

In further embodiments, processing the sample to generate
an aggregate signal energy value includes computing a
squared value of the sample and processing the sample to
generate a harmonic component signal energy value associ-
ated with at least one target harmonic component 1ncludes
computing real and imaginary values for the at least one target
harmonic frequency. In some embodiments, respectively
accumulating the aggregate signal energy values and the har-
monic component signal energy values to recursively gener-
ate an accumulated aggregate signal energy value and an
accumulated harmonic component signal energy value
includes accumulating the squared values to generate the
accumulated aggregate signal energy value and accumulating
the respective real and 1imaginary values to generate respec-
tive accumulated real and 1maginary values.

Some embodiments may also include generating a target
harmonic peak energy value by dividing the square root of the
sum of the accumulated real values squared and the accumu-
lated imaginary values squared by a quantity of samples.

In other embodiments, generating the aggregate signal
energy value includes computing a squared value of each
sample and accumulating the aggregate signal energy value
includes adding each aggregate signal energy value to a sum
of previously generated aggregate signal energy values.

In some embodiments, a quantity of sample values accu-
mulated 1n a sample set 1s constant.

In some embodiments, generating the harmonic compo-
nent signal energy value includes multiplying the each of the
plurality of samples with a cosine of a value that 1s responsive
to the at least one target harmonic component and accumu-
lating the component signal energy value includes adding the
component signal energy value to previously generated com-
ponent signal energy values.

In some embodiments, characterizing the power wavelform
includes generating a total harmonic distortion percent as a
first value divided by a second value, wherein the first value
includes a square root of a sum of the accumulated aggregate
signal energy value and a square of the accumulated harmonic
component signal energy, and the second value includes the
accumulated harmonic component signal energy.

In some embodiments of the invention, an electrical power
apparatus may include a sample generator circuit configured
to generate samples of a power waveform signal. Embodi-
ments may also include a signal energy determiner circuit
configured to recursively: determine an aggregate signal
energy value; to determine a harmonic real signal energy
value associated with at least one target harmonic frequency
and a harmonic 1maginary signal energy value associated
with the at least one target harmonic frequency; to accumulate
the aggregate signal energy value with a sum of previously
generated aggregate signal energy values; and to accumulate
the harmonic component signal energy value with a sum of
previously generated harmonic component signal energy val-
ues. The apparatus of some embodiments may further include
a power wavelorm characterizer configured to characterize
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the power wavetorm responsive to the accumulated aggregate
signal energy value and the accumulated harmonic compo-
nent signal energy value.

In some embodiments, sample generator circuit comprises
an analog-to-digital converter configured to generate a fixed
quantity of sample values per sample set.

Some embodiments may also include a power wavelform
cycle timing estimator configured to estimate a period of a
first harmonic of the power waveform and a sampling period
regulator configured to adjust a sampling period responsive to
the estimated cycle timing to maintain a fixed quantity of
sample periods within the estimated period of the first har-
monic, wherein a quantity of first harmonic periods in a
sample set comprises an integer value.

In some embodiments, the power wavelorm characterizer
1s configured to calculate percent total harmonic distortion
and the aggregate signal energy values comprise a square of
cach of the samples.

In some embodiments, the harmonic real signal energy
values include a cosine function of each of the plurality of
sample values and the harmonic imaginary signal energy
values comprise a sine function of each of the plurality of
sample values.

Some embodiments may 1include an alert generator config-
ured to generate an alert signal when a power waveform
property value determined by the characterizing logic
traverses a threshold value.

In some embodiments, the electrical power apparatus
includes a power distribution apparatus and wherein the
power wavelorm 1s characterized for each of a plurality of
power distribution outputs.

In some embodiments, the power wavetform characterizer

1s configured to calculate a fundamental energy of the mput
signal corresponding to the energy of the input signal at a first
harmonic frequency and a total energy of the mput signal
corresponding to the total energy of the input signal.
In further embodiments, the power wavelorm characterizer
1s further configured to calculate a percent total harmonic
distortion responsive to the fundamental energy and the total
energy.

In some embodiments, methods may include synchroniz-
ing a sampling frequency to an integer factor of a first har-
monic frequency and sampling, at the sampling frequency,
the power wavelorm to recetve a fixed quantity of a plurality
of sample values. Such methods may also include summing
selected harmonic components of the plurality of sample
values, summing aggregate signal energy values of the plu-
rality of sample values, and calculating total harmonic dis-
tortion responsive to the sums of the selected harmonic com-
ponents and sums of the aggregate signal energy values.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 1s a block diagram illustrating operations for char-
acterizing a power wavelorm according various embodi-
ments of the invention.

FIG. 2 1s a block diagram 1llustrating an electrical power
apparatus according to some embodiments of the invention.

FIG. 3 1s a block diagram 1illustrating functional blocks of
apparatus/methods according to some embodiments of the
invention.

FI1G. 41s a graphillustrating sampling frequency of a power
wavelorm according to various embodiments of the inven-
tion.

FI1G. 5 1s a block diagram 1llustrating operations for adjust-
ing the sampling period in apparatus/methods according to
some embodiments of the mvention.
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FIG. 6 1s a block diagram 1illustrating a distributed load
panel utilizing apparatus/methods for characterizing a power
wavelorm according to various embodiments of the mmven-
tion.

FIG. 7 1s a block diagram 1illustrating operations according,
to various embodiments of the invention.

FIG. 8 1s a block diagram 1illustrating operations according,
to various other embodiments of the invention.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Specific exemplary embodiments of the invention now will
be described with reference to the accompanying drawings.
This invention may, however, be embodied in many different
forms and should not be construed as limited to the embodi-
ments set forth herein; rather, these embodiments are pro-
vided so that this disclosure will be thorough and complete,
and will fully convey the scope of the ivention to those
skilled 1n the art. It will be understood that when an element
1s referred to as being “connected” or “coupled” to another
clement, 1t can be directly connected or coupled to the other
clement or intervening elements may be present. As used
herein the term “and/or” includes any and all combinations of
one or more of the associated listed 1tems. Like numbers refer
to like elements throughout.

Reference 1s now made to FIG. 1, which 1s a block diagram
illustrating operations for characterizing a power waveform
according to various embodiments of the invention. An alter-
nating current (AC) power wavelorm signal 102 1s sampled
using, for example, an analog-to-digital converter (block
110). The power wavetorm signal may correspond to phase
voltages and/or currents 1n a single and/or multiple-phase
clectrical power system. For each of the samples, signal
energy values corresponding to harmonic component signal
energy values are calculated (block 112). In some embodi-
ments, the harmonic component signal energy values are
harmonic component signal energy values associated with,
for example, a target harmonic frequency. In some embodi-
ments, the target harmonic frequency may correspond to the
first harmonic (fundamental) frequency 1n a power waveform.
In some embodiments generating the harmonic component
signal energy values includes performing bin-limited Dis-
crete Fourier Transform (DFT) computations for the samples.
By limiting the bins, the harmonic components may be lim-
ited to those frequencies corresponding to the selected bin(s).
Calculating the harmonic component signal energy values
may include computing real and imaginary signal energy
values at a target harmonic frequency for each of the samples.

An aggregate signal energy value 1s calculated for each of
the samples (block 114). In some embodiments, the aggregate
signal energy value 1s computed by squaring the value of the
sample. Sums of each of the calculated harmonic component
signal energy values and the calculated aggregate energy
values are stored 1n respective memory locations (block 116).
For example, the calculated values of each of the respective
components 1s added to the sum of the previously calculated
values such that a single memory address could be utilized for
cach of the calculated values. The power wavetform 1s char-
acterized using the accumulated aggregate signal energy
value and the accumulated harmonic components (block
118). In this manner, the recursive calculations may be uti-
lized to determine harmonic component values and aggregate
signal energy values and to store respective sums of the
respective values, which may subsequently be used to char-
acterize the power wavelorm. Although illustrated as ditfer-
ent operations, 1n some embodiments the operations ol blocks
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112, 114, 116, and/or 117 may be combined and performed
by a fewer than four components and/or devices. For

example, the operations of blocks 112,114,116, and 117 may
be performed within a single processing device.

Reference 1s now made to FI1G. 2, which 1s a block diagram
illustrating an electrical power apparatus according to some
embodiments of the imnvention. The apparatus 120 includes a
sample generator circuit 122 configured to receive a power
wavelorm signal 102 and to generate multiple samples of the
power wavelorm signal 102. The apparatus 120 also includes
a signal energy determiner circuit 124 that 1s configured to
calculate, for each of the samples, a harmonic real signal
energy value associated with a target harmonic frequency and
a harmonic imaginary signal energy value associated with the
target harmonic frequency. In some embodiments, the har-
monic real signal energy value may be determined by multi-
plying the sample value with a cosine function of the sample
number and a target harmonic frequency-specific constant.
Similarly, a harmonic imaginary signal energy value may be
determined by multiplying a sample value with a sine func-
tion of a sample number and the target harmonic frequency
specific constant. In some embodiments, the value of the
target harmonic frequency-specific constant may also be a
function of the quantity of samples 1n the sample set. The
signal energy determiner circuit 124 may also be configured
to calculate an aggregate signal energy value for each of the
samples. In some embodiments, the aggregate signal energy
may be determined as the square of the sample value.

Storage locations 128 may be provided for accumulating
and storing the harmonic real signal energy value, the har-
monic imaginary signal energy value and the aggregate signal
energy value calculated for each sample. In this manner, after
the samples 1n a given sample set have been received, storage
locations store each of the sum of the harmonic real signal
energy values, the sum of harmonic imaginary signal energy
values and the sum of the aggregate signal energy values. The
three accumulated values can then be used by a power wave-
form characterizer 130 to characterize the power waveform.
In some embodiments, the power wavelorm characterizer 130
can be configured to calculate a percent total harmonic dis-
tortion, for example. Since the THD represents energy at
frequencies other than the target harmonic frequency, the
THD can be determined as the percent difference between the
total signal energy and the signal energy at the target har-
monic frequency. In some embodiments, the target harmonic
frequency value can be adjusted to specifically identify har-
monic energy at specific frequencies.

Reference 1s now made to FI1G. 3, which 1s a block diagram
illustrating functional blocks of apparatus/methods accord-
ing to some embodiments of the invention. As illustrated, the
functions according to some embodiments herein may be
generally characterized in two classes based on the frequency
with which they are performed. The classes of functions
include those that are performed at each sample interval
(block 166) and those that are performed aiter all samples 1n
a sample set are processed (block 168). Referring first to the
per-sample operations, the power wavelorm signal 102 1s
received and samples are generated (block 140). The samples
may be generated by, for example, an analog-to-digital (A/D)
converter.

An aggregate signal energy value corresponding to each
sample 1s determined by squaring the value of each sample
(block 142). Each squared sample value 1s added (block 148)
with the sum of the previously calculated squared sample
values. The sum of the squared sample values 1s stored (block
154) 1n, for example, a memory address. In this manner, a
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signal memory address can be used to accumulate the sum of
the squared sample values for an entire sample set.

Real and imaginary components corresponding to a target
harmonic frequency are also calculated for each sample
(blocks 144,146). Each of the real components and the 1imagi-
nary components are added to the sum of previously calcu-
lated real and 1maginary components, respectively (blocks
150, 152). The respective sums of the real and 1maginary
components are stored 1n storage locations (blocks 156, 158).
In this manner, at the end of the sample set, a memory address
will include the sum of the real components corresponding to
a target harmonic frequency and another memory address will
include the sum of the imaginary components corresponding
to a target harmonic frequency for all of the samples 1n the
sample set.

After all the samples are generated and processed and the
sums of the squares, real components and 1maginary compo-
nents are stored, the per sample set operations can be per-
formed. A total energy value of the power waveform may be
determined by taking the square root of the sum of the squares
of the samples (block 160). The total energy value represents
the total energy of a signal at all of the frequencies. A target
harmonic energy value is calculated responsive to the sum of
the real components and the sum of the imaginary compo-
nents (block 162). In some embodiments, the target harmonic
frequency energy may be determined by the following equa-
tion where “N”” 1s the quantity of samples 1n the sample set:

\/ Sum Real® + Sum Imaginary?

NV2

ITrgetHarmonicEnergy =

In some embodiments, the target harmonic frequency repre-
sents the intended component of a power wavetorm such that
any additional energy at other harmonic frequencies may
generally be undesirable. For example, a power wavetform
may have a first harmonic frequency around 60 Hz. Signal

energy corresponding to all other harmonic frequencies, such
as the third, fifth, seventh, and ninth harmonics, etc. may be
collectively considered as total harmonic distortion. The per-
cent total harmonic distortion may be determined using the
percent energy difference between the total energy of the
power wavelorm and the target harmonic frequency energy of

the power wavelorm using, for example, the following equa-
tion (block 164):

\/ TotalRMS® — TrgetHarmonicEnergy?
TrgetHarmonicknergy

Y% THD = x 100.

Reference 1s now made to FIG. 4, which 1s a graph 1llus-
trating sampling frequency of a power waveiorm according to
various embodiments of the invention. The graph illustrates a
single cycle of a power wavelform 182 that may have an
approximate {irst harmonic frequency of, for example, 60 Hz
and a cycle period of T,. The graph 180 also illustrates
samples 184 taken at every intervals T .. Although the graph
illustrates starting the sampling at a zero crossing of the
power wavelorm 184, the samples can begin at any point
during the wavelorm, but are preferably configured to include
an iteger number of power wavetorms 184 within the sample
set. In this manner, the sampling frequency should be an
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integer multiple of the fundamental waveform frequency 1n
order to remove any detrimental affects of spectral leakage 1n
consecutive DFT bins.

While the frequency of the power wavelform may be
assumed approximately, 1n reality, power wavelforms may
actually vary within some Irequency range around the
approximate value. For example, 1n a generally 60 Hz power
wavelorm, the actual power wavelorm may be delivered at
59.9 Hz or 60.1 Hz instead of 60 Hz. For this reason, 1t may be
desirable to regulate the sample frequency or the sample
period T to maintain the integer relationship between the
sampling period 1, and the power wavetorm period 1,. By
adjusting T responsive to the value of T, the spectral leakage
associated with data of only a partial cycle of the power
wavelorm may be avoided.

Reference 1s now made to FI1G. 5, which 1s a block diagram
operations for adjusting the sampling period 1n apparatus/
methods according to some embodiments o the invention. As
discussed above regarding FIG. 4, 1t may be desirable to
adjust the sample frequency/period as a function of the actual
and/or estimated fundamental or first harmonic frequency of
the power wavetform. In this manner, a power waveform sig-
nal 102 1s utilized by a fundamental to sample rate operation
200 to provide the sample rate (sample period). The sample
rate may be provided by estimating the actual first harmonic
frequency of the power wavetform and multiplying that fre-
quency value by an integer value. The analog to digital sample
operation 202 can utilize the adjusted sample rate to isure
that the sample data received (block 204) corresponds to an
integer number of power waveform cycles. In this manner,
spectral leakage corresponding to a sample set that includes
data from a fractional power wavetorm cycle may be avoided.

Reference 1s now made to FI1G. 6, which 1s a block diagram
illustrating a distributed load panel utilizing apparatus/meth-
ods for characterizing a power wavelorm according to various
embodiments of the invention. A distributed load panel 220
may be configured to recerve a power wavetorm 102 to supply
power to multiple branch circuits 222. In some embodiments,
cach branch circuit 222 may be 1solated from the power
wavetform 102 by one or more power conversion and/or modi-
fication devices (not shown), such as, for example, transtorm-
ers. Each branch circuit 222 may be configured to provide
power to a different load 224, each of which may include
different power consumption characteristics and/or proper-
ties.

The different power consumption characteristics and/or
properties may result in different harmonic content in the
power wavelorms of the different branch circuits 222. In this
manner, an analog-to-digital (A/D) converter 226 may be
configured to generate samples of the power wavelorms cor-
responding to each branch 222. In some embodiments, this
may be accomplished by using multiple A/D converters 226
and/or A/D converters having multiple mput channels. In
some embodiments, power wavelform signals may be multi-
plexed into a single A/D converter 226.

A processor 228 may be configured to receive and process
the samples using, for example, per-sample recursive calcu-
lations to generate and store sums of harmonic real compo-
nents, harmonic imaginary components, and aggregate signal
energy values in memory 230. After the samples of a sample
set have been processed, the processor 228 may be configured
to characterize the power wavelorm of each of the branch
circuits 222 using the values stored in the memory 230. In
some embodiments, the processor 228 may be configured to
calculate percent total harmonic distortion of each branch
circuit 222 and/or for the power waveform received into the
distributed load panel 220.
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It will be understood that FIG. 6 represents an exemplary
embodiment of the present invention and that the present
invention may be implemented 1n other types of power appa-
ratus. For example, the invention could be 1n a power meter
and/or a UPS. In some embodiments, a power meter and/or
UPS could use the bifurcated processing scheme of FIG. 3.

Reference 1s now made to FIG. 7, which 1s a block diagram
illustrating operations according to various embodiments of
the invention. A power wavelorm 1s sampled to generate, for
example, a predetermined number of samples in a sample set
that corresponds to one or more cycles ol the power wavetorm
(block 300). In some embodiments, the cycle timing of the
power wavelorm 1s estimated and a sample period for the
samples 1n the sample set 1s adjusted responsive to the esti-
mated timing. This may be beneficial in avoiding spectral
leakage that may occur when the sample set includes data
corresponding to a fractional portion of a cycle of the power
wavelorm.

An aggregate signal energy value corresponding to the
energy value of the full spectrum of the power wavetform
signal 1s generated for each sample (block 302). In some
embodiments, the aggregate signal energy value may be
determined for each sample by squaring the value of the
sample. Each sample may also be used to generate a harmonic
component signal energy value corresponding to a target
harmonic frequency (block 304). In some embodiments, the
harmonic component signal energy value may be generated
as a harmonic real signal energy value and a harmonic 1magi-
nary signal energy value. For example, harmonic real signal
energy value may be generated by the equation:

Real=x(»)*cos(a*n);

where “n” 1s the number of the sample, “x(n)” 1s the sample
value of the nth sample, and “a” 1s a constant that 1s a function
of the target harmonic frequency and the total number of
samples 1n the sample set. In some embodiments, “a” may be
determined by the equation:

a=(2mm)/N;

where m 1s the bin number corresponding to a bin-specific
DFT around sixty Hz and N 1s the total number of samples 1n
the sample set. Similarly, the harmonic 1maginary signal
energy value may be determined by the equation:

Imaginary=x(#)*Sin(a*);

In this manner, real and 1maginary harmonic signal energy
values may be determined for each sample.

The aggregate signal energy values and the harmonic com-
ponent signal energy values are accumulated in respective
storage locations (block 306). Accumulating reduces the need
for significant memory resources by storing, 1n, for example,
memory locations, the sums of the values for each of the
aggregate signal energy values and the harmonic component
signal energy values. In this manner, the sum of the aggregate
signal energy value 1s determined as the aggregate signal
energy value of a new sample added to the sum of the previ-
ously calculated aggregate signal energy values. Similarly,
the sum of the harmonic real signal energy values for the
samples 1n the sample set may be accumulated 1n a memory
address and the sum of the harmonic 1maginary signal energy
values for the samples 1n the sample set may be accumulated
in yet another memory address.

Using the accumulated values stored in the storage loca-
tions, the power wavetform may be characterized (block 308).
For example, 1n some embodiments a peak value of the power
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wavelorm associated with the target harmonic frequency may
be determined using the equation:

\/ Sum Real’> + Sum Imaginary?

Peak = ’
N

where SumReal and SumImaginary are the sums of the har-
monic real and imaginary signal energy values and N 1s the
number of samples in the sample set. The energy of the power
wavelorm at the target harmonic frequency can then be deter-
mined by the equation:

Peak

o

TrgetHarmonicEnergy =

In addition to calculating the harmonic energy at the target
harmonic frequency, the total energy of the power wavetorm,
which corresponds to the Root Mean Squared (RMS) value of
the power wavetform, may be calculated as the square root of
the sum of the aggregate signal energy values. Using the total
energy ol the power wavelorm and the target harmonic
energy, which represents the energy of the power wavelform
at, Tor example, the first harmonic or fundamental frequency,
the percent of the total energy at frequencies other than the
target harmonic frequency may be determined. The energy at
frequencies other than the target harmonic frequency may be
undesirable and characterized as distortion. In this manner,
the percent total harmonic distortion (THD) may be deter-
mined using the following equation:

\/ TotalRMS* — TrgetHarmonicEnergy?
TrgetHarmornicEnergy

Y% THD = x 100

In this manner, the THD can be efficiently calculated using,
for example, three memory locations and a basic processor.

Reference 1s now made to FI1G. 8, which 1s a block diagram
illustrating operations according to various other embodi-
ments of the invention. A sampling frequency 1s synchronized
to a power wavetorm (block 320). In some embodiments the
synchronizing can include estimating the cycle time of a first
harmonic of the power wavelform and adjusting the sampling,
frequency to be an integer multiple of the estimated {first
harmonic frequency. In some embodiments, estimating the
cycle time may be performed by detecting and/or measuring
the cycle time. In some embodiments, a predefined quantity
of samples are 1n a sample set. In such embodiments, the
sample frequency may be determined such that an integer
number of first harmonic cycles are sampled in the sample set.
By not including data from fractional first harmonic cycles of
the power wavelorm, the etffects of spectral leakage, which
may increase calculation errors, may be reduced.

The power wavelorm 1s sampled at the sampling rate as
determined in the synchronizing step (block 322). Selected
harmonic signal energy values calculated from each of the
samples 1n the sample set are summed, respectively, and may
be stored 1n memory (block 324). In some embodiments, the
selected harmonic signal energy values include real and
imaginary signal energy values of the samples at a target
harmonic frequency, the sums of which may be stored in
separate memory locations. In some embodiments, the target

10

15

20

25

30

35

40

45

50

55

60

65

10

harmonic frequency may be the first harmonic of the power
wavelorm, for example. Aggregate signal energy values cal-
culated from each of the samples 1n the sample set are
summed and may be stored in memory (block 326). The total
harmonic distortion (THD) of the power wavelorm may be
calculated using the summed values stored 1n memory (block
328).

In the drawings and specification, there have been dis-
closed exemplary embodiments of the imnvention. Although
specific terms are employed, they are used 1n a generic and
descriptive sense only and not for purposes of limitation, the
scope of the mnvention being defined by the following claims.

That which 1s claimed:

1. A method of characterizing a power waveform, the
method comprising:

sampling the power wavelform to generate a plurality of

samples;

recursively performing the following for each of the

samples:

processing the sample to generate an aggregate signal
energy value;

processing the sample to generate a harmonic compo-
nent signal energy value associated with at least one
target harmonic frequency; and

accumulating the aggregate signal energy value and the
harmonic component signal energy value with previ-
ously generated aggregate signal energy values and
harmonic component signal energy values to generate
an accumulated aggregate signal energy value and an
accumulated harmonic component signal energy
value; and wherein the method further comprises

characterizing the power wavelorm responsive to the accu-

mulated aggregate signal energy value and the accumu-

lated harmonic component signal energy value.

2. The method of claim 1, wherein processing the samples
to generate harmonic component signal energy values asso-
ciated with at least one target harmonic component comprises
performing bin-limited Discrete Fourier Transform (DFT)
computations for the plurality of samples.

3. The method of claim 1, further comprising estimating a
cycle timing of the power wavetform and wherein sampling
the power wavelorm to generate a plurality of samples com-
prises adjusting a sample period for the sampling of the power
responsive to the estimated timing.

4. The method of claim 3:

wherein estimating a cycle timing of the power waveform

comprises estimating a period of a first harmonic of the
power wavelorm; and

wherein adjusting a sample period for the sampling of the

power responsive to the estimated timing comprises
adjusting the sample period to maintain a fixed number
of sample periods within the estimated period of the first
harmonic.

5. The method of claim 1:

wherein processing the sample to generate an aggregate

signal energy value comprises computing a squared
value of the sample;

wherein processing the sample to generate a harmonic

component signal energy value associated with at least
one target harmonic component comprises computing
real and 1maginary values for the at least one target
harmonic frequency; and

wherein respectively accumulating the aggregate signal

energy values and the component signal energy values to
recursively generate an accumulated aggregate signal
energy value and an accumulated harmonic component
signal energy value comprises:
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accumulating the squared values to generate the accu-
mulated aggregate signal energy value; and

accumulating the respective real and imaginary values to
generate respective accumulated real and imaginary
values.

6. The method of claim 5, further comprising generating a
target harmonic peak energy value by dividing the square root
of the sum of the accumulated real values squared and the
accumulated 1maginary values squared by a quanftity of
samples.

7. The method of claim 1, wherein generating the aggregate
signal energy value comprises computing a squared value of
cach sample and wherein the accumulating the aggregate
signal energy value comprises adding each aggregate signal
energy value to a sum of previously generated aggregate
signal energy values.

8. The method of claim 1, wherein a quantity of sample
values accumulated 1n a sample set 1s constant.

9. The method of claim 1, wherein generating the harmonic
component signal energy value comprises multiplying the
cach of the plurality of samples with a cosine of a value that
1s responsive to the at least one target harmonic component
and wherein accumulating the component signal energy value
comprises adding the component signal energy value to pre-
viously generated component signal energy values.

10. The method of claim 1, wherein characterizing the
power wavelorm comprises generating a total harmonic dis-
tortion percent as a first value divided by a second value,
wherein the first value comprises a square root of a sum of the
accumulated aggregate signal energy value and a square of
the accumulated harmonic component signal energy, wherein
the second value comprises the accumulated harmonic com-
ponent signal energy.

11. An apparatus, comprising:
a sample generator circuit configured to generate samples
ol a power waveform signal;

a signal energy determiner circuit configured to recur-
stvely:
determine an aggregate signal energy value; to deter-
mine
a harmonic real signal energy value associated with at
least one target harmonic frequency and a harmonic

imaginary signal energy value associated with the at
least one target harmonic frequency; to

accumulate the aggregate signal energy value with a sum
of previously generated aggregate signal energy val-
ues; and to

accumulate the harmonic component signal energy
value with a sum of previously generated harmonic
component signal energy values; and

a power wavelorm characterizer configured to characterize
the power wavelorm responsive to the accumulated
aggregate signal energy value and the accumulated har-
monic component signal energy value.
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12. The apparatus of claim 11, wherein the sample genera-
tor circuit comprises an analog-to-digital converter config-
ured to generate a fixed quantity of sample values per sample
set.

13. The apparatus of claim 11, further comprising:

a power wavelorm cycle timing estimator configured to
estimate a period of a first harmonic of the power wave-
form; and

a sampling period regulator configured to adjust a sam-
pling period responsive to the estimated cycle timing to
maintain a {ixed quantity of sample periods within the
estimated period of the first harmonic, wherein a quan-
tity of first harmonic periods 1n a sample set comprises
an 1nteger value.

14. The apparatus of claim 11, wherein the power wave-
form characterizer 1s configured to calculate percent total
harmonic distortion and the aggregate signal energy values
comprise a square of each of the samples.

15. The apparatus of claim 11, wherein the harmonic real
signal energy values comprise a cosine function of each ofthe
plurality of sample values and the harmonic imaginary signal
energy values comprise a sine function of each of the plurality
of sample values.

16. The apparatus of claim 11, further comprising an alert
generator configured to generate an alert signal when a power
wavelorm property value determined by the characterizing
logic traverses a threshold value.

17. The apparatus of claim 11, wherein the electrical power
apparatus comprises a power distribution apparatus and
wherein the power waveform 1s characterized for each of a
plurality of power distribution outputs.

18. The apparatus of claim 11, wherein the power wave-
form characterizer 1s configured to calculate a fundamental
energy of the mput signal corresponding to the energy of the
input signal at a first harmonic frequency and a total energy of
the input signal corresponding to the total energy of the input
signal.

19. The apparatus of claim 18, wherein the power wave-
torm characterizer 1s further configured to calculate a percent
total harmonic distortion responsive to the fundamental
energy and the total energy.

20. A method of characterizing a power wavetform, com-
prising;:

synchronizing a sampling frequency to an integer factor of
a first harmonic frequency;

sampling, at the sampling frequency, the power wavetorm
to recerve a fixed quantity of a plurality of sample values;

summing selected harmonic components of the plurality of
sample values;

summing aggregate signal energy values of the plurality of
sample values; and

calculating total harmonic distortion responsive to the
sums of the selected harmonic components and sums of
the aggregate signal energy values.

% o *H % x
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